Background/aim: Reduced cerebral blood flow and decreased glucose metabolism have been identified in epilepsy patients receiving vigabatrin. It is likely that such a change may extend to the eye and may be linked to previously reported irreversible visual field defects. The aim of this study was to determine whether patients who have undergone anti-epileptic drug (AED) therapy with vigabatrin have altered ocular haemodynamics. Methods: The study cohort comprised 11 normal subjects (mean age 42.6 (SD 12.7) years and 17 epilepsy patients, of which 10 were either currently or previously treated with vigabatrin (38.6 (11.7) years) and seven were treated with AEDs excluding vigabatrin (46.0 (9.8) years). The three groups were matched at baseline for pulse rate, diastolic and systolic blood pressure, and intraocular pressure (IOP). At a single visit, the ocular blood flow analyser (OBFA; Paradigm Medical Instruments Inc, UT, USA) was used to measure pulsatile ocular blood flow (POBF) and pulse amplitude (PA) in each eye of all subjects. One way ANCOVA (with age as a covariate) was used to identify differences in POBF and PA between the groups. For the vigabatrin group only, Pearson's product moment correlation coefficient was used to explore potential interactions between ocular blood flow parameters and cumulative vigabatrin dose, duration, and maximum dose. Results: Both the vigabatrin treated epilepsy group and conventionally treated epilepsy group exhibited significantly reduced POBF (p=<0.001, p=0.040) and PA (p=<0.001, p=0.005) compared to normal subjects. Patients treated with vigabatrin exhibited a further reduction in POBF (p=0.046) and PA (p=0.034) compared to conventionally treated epilepsy patients. No significant correlations were found between drug dosage and POBF and PA for the vigabatrin treated epilepsy group. Conclusions: A significant reduction in POBF and PA is apparent in epilepsy patients treated with AEDs when compared to normal subjects. A further reduction in POBF and PA is apparent between vigabatrin treated and conventionally treated patients. The reduction in ocular perfusion, which is more pronounced in patients previously treated with vigabatrin, may have implications in the impairment of visual function associated with the drug.
T he effect of anti-epileptic drug (AED) therapy on cerebral blood flow has long been considered and poses an important question as variations in blood flow and glucose metabolism in the brain may have subsequent effects on neuronal functioning and cognitive performance. To this end, several AEDs have been investigated, including carbamazepine, phenytoin, phenobarbital, sodium valproate, and vigabatrin, all of which have been shown to result in reduced cerebral metabolic rate for glucose and/or decreased blood flow. [1] [2] [3] Visual disturbances in epilepsy are not uncommon. 4 In particular, diplopia, blurred vision, and colour perception defects are associated with AED therapy. 5 AEDs known to affect vision directly include carbamazipine, phenytoin, and vigabatrin. More specifically, disturbances in colour vision have been reported in patients undergoing treatment with carbamazepine and phenytoin. 6 7 Visual deficits common to vigabatrin are more severe, occurring in up to one third of patients receiving the drug and include concentric peripheral visual field loss, colour vision disturbances, and reductions in contrast sensitivity and visual acuity. [7] [8] [9] [10] [11] [12] [13] Electrophysiological studies have also identified defects in electroretinal function resulting from vigabatrin 9 14 ; these have been identified in both the outer and inner retina at the level of the Müller cell. 15 Vigabatrin (γ-vinyl GABA) is a novel drug that is used primarily in the management of partial seizures and infantile spasms. The drug works by increasing brain levels of the inhibitory neurotransmitter γ-aminobutyric acid (GABA) through acting as an irreversible inhibitor of GABAtransaminase. In a recent study, Spanaki et al 3 identified
decreased cerebral blood flow and reduced glucose metabolism as a result of vigabatrin therapy and reported a significant inverse correlation between cerebral spinal fluid (CSF) GABA levels and cerebral glucose metabolism. GABA has numerous roles in the brain, one of which includes vascular regulation. Specific GABA receptor sites have been demonstrated, both in vivo and in vitro, as being functionally viable in eliciting a vasodilatory response in the presence of GABA and muscimol, a GABA agonist. 16 17 In contrast, Kelly and McCulloch 18 have shown, using a rat model, that the systemic administration of GABAergic agonists results in a reduction in cerebral glucose metabolism that is accompanied by a decrease in cerebral blood flow. It therefore appears that there are two potentially opposing GABAergic mechanisms influencing cerebral blood flow and metabolism; the cumulative product of which is reduced blood flow and depressed metabolism.
There are numerous cell types under GABAergic transmission including subpopulations of amacrine and horizontal cells, and retinal ganglion cells. [19] [20] [21] There is evidence that vigabatrin causes a greater inactivation of GABA transaminase in the retina than in the brain. 22 In a rat model, both the spinal cord and brain show greater tolerance to the toxic action of vigabatrin compared to the retina. 23 Thus, the effect of vigabatrin on cerebral blood flow may be reflected in ocular perfusion and further enhanced as a result of raised GABA levels. A reduction in retinal and choroidal blood flow will have a direct effect on the health and functioning of various GABAergic retinal neurons and related cell groups resulting in reduced retinal sensitivity.
The purpose of this investigation was to determine whether epilepsy patients who have undergone AED therapy with vigabatrin have altered ocular haemodynamics compared to those who have never received the drug and to normal healthy volunteers.
METHODS

Subjects
The study cohort comprised three subject samples: 11 normal control subjects, 10 epilepsy patients either currently or previously treated with vigabatrin, and seven epilepsy patients treated with conventional AEDs excluding vigabatrin. Table 1 outlines the subject sample characteristics.
Epilepsy patients were recruited from epilepsy clinics of Birmingham University Queen Elizabeth Psychiatric Hospital, and Birmingham and City Hospital NHS Trust, Birmingham, UK. Patients were excluded if they had a history of ischaemic heart disease, hypertension, hypotension, diabetes mellitus, or multiple sclerosis. Each patient underwent a full ophthalmic examination and was excluded if they had glaucoma, intraocular pressure (IOP) above 22 mm Hg (Goldmann applanation tonometry), significant cataract, or any other sight threatening disease.
Of the epilepsy patients, two patients had complex partial seizures alone, three had simple and complex partial seizures, five had simple and complex partial seizures which secondarily generalised, six had complex partial seizures with secondary generalisation, and one had simple partial seizures which secondarily generalised (ILAE classification 24 ). Of the epilepsy patients who had previously, or were currently, receiving vigabatrin, the maximum dose received ranged from 500 mg/day to 3500 mg/day. The average drug duration was 7 (SD 3.6) years and the total cumulative dose ranged from 1277 g to 16425 g (mean 6046 (4753) g). None of the patients who had received vigabatrin were on monotherapy; concomitant AEDs included carbamazepine, sodium valproate, lamotrigine, keppra, and clobazam. The conventionally treated epilepsy patients also received a range of AEDs including carbamazepine, sodium valproate, lamotrigine, keppra, clobazam, phenytoin, phenobarbital, and gabapentin.
Normal control subjects had no history of ocular or neurological disease or surgery. Intraocular pressures were less than 22 mm Hg and visual fields were normal (Humphrey field analyser 24-2 full threshold procedure). Normal subjects were required to have best corrected visual acuities of 6/9 or better in both eyes. Each normal subject underwent a comprehensive ophthalmic examination to rule out abnormalities of the optic nerve head, macular region, anterior segment, and posterior pole. Both the normal and epilepsy groups were required to have astigmatism less than 2 dioptres cylinder and refractive error of less than 6 dioptres in the test eye.
The three subject samples were matched at baseline for systemic variables (pulse rate, diastolic, and systolic blood pressure) and for IOP. Ethics committee approval that conformed to the tenets of the Declaration of Helsinki was obtained for all experimental procedures, and approved by the institutional review board. Written informed consent was acquired from each participant before study enrolment.
Experimental procedure Ocular blood flow measurements were carried out at approximately the same time of day for each subject to minimise possible diurnal fluctuations in blood flow and IOP. 25 On the night before and the morning of the test, subjects were requested to follow a strict diet that avoided caffeine containing products, alcohol, and nicotine (in any form). Subjects were also requested to abstain from strenuous exercise and to relax for 15 minutes before blood flow measurements commenced. Systemic systolic and diastolic blood pressure was assessed using a sphygmomanometer. The ocular blood flow analyser (OBFA; Paradigm Medical Instruments Inc, UT, USA) was used to measure the pulsatile component of ocular blood flow (POBF), pulse amplitude (PA), pulse rate (PR), and IOP in each eye of each subject.
Ocular blood flow analyser
The principles of the OBFA (formerly the ocular blood flow tonograph) have been described in detail elsewhere. [26] [27] [28] Briefly, the OBF analyser measures the pulsatile component of ocular blood flow. Each contraction of the heart forces a bolus of blood into the eye via the ophthalmic artery which rapidly perfuses the retinal and ciliary vascular network. Blood flow to the eye comprises two components: a steady continuous component and a pulsatile component that varies according to the arterial pulse. As the pulsatile component varies, rhythmic fluctuations in ocular volume and IOP occur resulting in the measured PA. Using a mathematical model of the relation between ocular pressure and volume, the OBFA calculates ocular volume at each instant in time and uses a volume/time plot to derive POBF. 26 POBF is reported to represent 75%-85% of total ocular blood flow and is primarily constituted by the choroidal circulation with some influence from the retinal vasculature. 29 30 Previous studies have demonstrated good reliability of POBF measurements using the OBFA. 31 32 Statistical analysis One way analysis of covariance (ANCOVA) was used to determine whether there was a significant difference in the measured ocular and systemic variables between the three subject groups. In each case group was used as the between factor, age as the covariate, and the measured parameter as the continuous variable. Fisher's PLSD post hoc analysis was used to identify which groups differed from each other. A significant difference was said to have occurred if p<0.05.
Pearson's product moment correlation coefficient (r) was used to explore possible correlations between the ocular blood flow variables (POBF and PA) and drug duration, maximum vigabatrin dose, and cumulative vigabatrin dose.
RESULTS
ANOVA revealed a significant difference between the three groups for age and posthoc analysis revealed that both the vigabatrin treated and normal group were significantly younger than the conventionally treated epilepsy group (p=0.034 and p=0.042 respectively). As a result, age was incorporated as a covariate into the subsequent ANCOVA models, thus accounting for any potential age effect. Table 2 gives the mean values for the ocular and systemic parameters. ANCOVA analysis revealed no significant difference between the three groups for blood pressure, pulse rate, or IOP (p<0.05). Table 3 gives the p values resulting from the ANCOVA analysis. POBF and PA were significantly lower for the vigabatrin treated epilepsy group compared to both the conventionally treated epilepsy group and the normal subject group (Figs 1 and 2) .
No significant correlation was apparent between the ocular blood flow variables (POBF and PA) and vigabatrin maximum dose, cumulative dose, or duration of treatment (p>0.05).
DISCUSSION
Overall, patients diagnosed with epilepsy exhibit a reduction in the pulsatile component of ocular blood flow and ocular pulse amplitude when compared to normal subjects; this finding may be a characteristic of epilepsy or AEDs not previously identified. A further reduction in POBF and PA was apparent in the vigabatrin treated epilepsy group when compared to normal control subjects and epilepsy patients previously treated with conventional drugs.
There are a number of possibilities that may explain the reduction in blood flow observed in the vigabatrin treated group. Firstly, vigabatrin may exert a direct effect on ocular perfusion. Decreased cerebral metabolic rate for glucose and blood flow has been previously reported in patients receiving vigabatrin and other AEDs. 33 It is possible that the effect of AEDs on cerebral blood flow may be mediated via increased CSF GABA levels which are known to cause decreased metabolic rate for glucose and blood flow. 18 The reason why a greater reduction in ocular blood flow was observed in vigabatrin treated patients when compared to the conventionally treated patients may be related to GABA levels. Vigabatrin causes a greater inactivation of GABA transaminase in the retina compared to the brain, 22 the outcome of which is high localised GABA levels. The retina contains a number of GABAergic cell types that are likely to be affected by the raised GABA levels including subpopulations of amacrine and horizontal cells, interplexiform cells, Müller cells, and retinal ganglion cells. [19] [20] [21] Hence, the raised GABA levels in the retina may result in a vascular response similar to the brain. POBF is a global measure of ocular blood flow with influences from both the choroidal and retinal circulations. While circulatory disturbances may have occurred in the retina, the choroid, which is also richly innervated, may also have been affected.
Another possibility that may explain the observed result is pre-existing ischaemia which may be attendant in a proportion of patients previously treated with vigabatrin. Our rationale for this is twofold: (1) a proportion of the general population present with ischaemic tendencies including vasospastic disorders such as cold extremities, peripheral vasospasm, migraine, and Reynaud's phenomenon. This is particularly relevant in low tension glaucoma where ischaemic tendencies are more prevalent. 34 35 The proportion of patients presenting with vigabatrin associated visual field defects is not dissimilar to the proportion of glaucoma patients presenting with the low tension, vascular type; (2) optic nerve pallor, an ophthalmic sign known to be associated with ischaemia, has been identified in epilepsy patients treated with vigabatrin. 8 36 37 If a proportion of the epilepsy patients treated with vigabatrin were self selected for ischaemia then this would undoubtedly exacerbate the neurotoxic effects of vigabatrin in the retina. Increased neurotransmitter levels in the CNS have been identified in focal ischaemia 38 and raised glutamate levels have been described in the vitreous Figure 1 Mean values for POBF (pulsatile ocular blood flow) (SE) measured for the normal subject group, epilepsy group receiving conventional therapy (conv), and epilepsy group receiving vigabatrin (VGB).
Figure 2
Mean values for PA (pulse amplitude) (SE) measured for the normal subject group, epilepsy group receiving conventional therapy (conv), and epilepsy group receiving vigabatrin (VGB).
body of humans and dogs with glaucoma. 39 40 Furthermore, it has been suggested that the raised glutamate levels that follow an ischaemic insult may contribute to neuronal toxicity and death of retinal ganglion cells. 41 If ischaemia was already present in a proportion epilepsy patients before treatment, then raised neurotransmitter levels may be further altered by vigabatrin. Moreover, as the neuronal toxic effects of GABA are more enhanced in the retina compared to the rest of the CNS, patients with pre-existing ischaemia may be at a greater risk of suffering a retinal toxic effect from vigabatrin.
Whether the reduced ocular blood flow observed for the epilepsy patients when compared to the normal group is disease or AED related, cannot be determined from this study. Certainly the vigabatrin treated epilepsy group were more haemodynamically challenged compared to the conventionally treated epilepsy patients suggesting an underlying ischaemic mechanism specific to that group. Only a study incorporating a pre-AED and post-AED design will be able to elucidate whether the reduction in blood flow is disease or drug dependent.
Ocular perfusion is affected by numerous variables including cardiovascular factors and smoking. 42 43 All of the subjects recruited in this study were free from cardiovascular abnormalities, hypertension, and hypotension. None of the normal subjects smoked, however, one conventionally treated epilepsy patient and three vigabatrin treated epilepsy patients were smokers at the time of the study. In order to minimise variability between groups, all of the subjects refrained from smoking and nicotine substitutes, and underwent strict dietary control 24 hours before blood flow measurements. Pulsatile ocular blood flow is specifically influenced by IOP, pulse rate, and systemic blood pressure 26 44 and all three subject groups were matched for these variables.
Other factors reported to affect POBF include age, sex, axial length, refraction, scleral rigidity, posture, and vascular resistance. [45] [46] [47] [48] There was a difference in age between the groups; the mean age for the vigabatrin treated group was lower than both the normal control group and conventionally treated epilepsy group. It is known that POBF decreases with increasing age 47 and, therefore, independent of all other factors, the vigabatrin group might have been expected to exhibit a higher mean POBF than the other two groups. In this study age differences were corrected for statistically by ANCOVA and the fact that the vigabatrin treated group had a lower POBF is supportive of an underlying mechanism that may be related to the drug or preselection of ischaemic individuals. While measurement of axial length was not incorporated into the study design, refractive error distributions were similar between groups (Table 1) . There is currently no recognised measure for scleral rigidity, so this variable could not be accounted for. Subjects maintained a constant posture throughout measurement thus minimising posture related changes.
A previous study, that was based on a large cohort (n=92) of vigabatrin treated patients reported a correlation between the extent of visual field damage and cumulative vigabatrin dosage. 49 In contrast, a recent study that investigated the relation between the frequency of electrodiagnostic abnormalities and the duration of use or the total cumulative dosage of vigabatrin did not report any significant correlations. 15 In this study, the investigation of potential correlations between POBF and PA, and vigabatrin maximum dose, duration, and cumulative dose did not yield significant correlations for any parameter. While mean ocular blood flow parameters differed between groups to ANCOVA, the small number of patients (n=10) contained within the vigabatrin treated epilepsy group meant that a high level of r (>0.63) was required to demonstrate a significant correlation effect with drug dosage. It is likely, therefore, that with a larger cohort a significant effect may become apparent.
In conclusion, POBF and PA are reduced in patients with epilepsy undergoing AED therapy compared to normal healthy volunteers. The reduction is significantly more marked in those patients with a history of vigabatrin therapy. This may be as a direct consequence of the drug or disease, or it may suggest that a proportion of vigabatrin treated individuals are self selected for ischaemia. This reduction in ocular perfusion may have implications in the impairment of visual function associated with the drug. Further studies, particularly pretreatment and post-treatment investigations, are required to elucidate the mechanism of reduced ocular blood flow in patients treated with vigabatrin.
